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ABSTRACT

BRIAN ROBERT BOND. Identification, Localization and Characterization of
Sodium/Hydrogen Exchanger Isoforms 1 and 3 in the Gerbil Cochlea. (Under
the direction of Dr. BRADLEY A. SCHULTE).
Mongolian gerbils were used in an investigation into the expression of
cochlear sodium/hydrogen (NHE) exchanger isoforms 1,2,3 and 4. NHE 1-4
gene products were identified in the gerbil inner ear by reverse-transcription
polymerase chain reaction (RT-PCR). The distribution of NHE-l and 3
subsequently was mapped in the adult gerbil inner ear using isoform-specific
polyclonal antibodies generated against rat antigens. Changes in the cellular
expression level of NHE-1 protein in response to treatment with
dexamethasone or NH4CI-induced acidification were then assessed by
semiquantitative immunohistochemical analysis.
Cochlear cDNA was amplified by the polymerase chain reaction (peR)
using NHE isoform-specific primers based on rat sequences. PCR products
spanning selected segments of NHE mRNA were cloned and sequenced.
NHE-1, 2, 3 and 4 shared 98.7, 100, 99.4 and 88.9% amino acid homology,
respectively, with their rat counterparts.
The cellular distribution of NHE isoforms 1 and 3 was mapped in the
adult gerbil inner ear by immunostaining with isoform-specific polyclonal
antibodies generated against rat antigens. In the cochlea, NHE-l antiserum
reacted strongly with the basolateral membrane of strial marginal epithelial
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cells as well as with inner and outer hair cells and spiral ganglion neurons.
Less intense staining for NHE-1 was present in subpopulations of fibrocytes in
the spiral limbus and in inferior and superior areas of the spiral ligament. In
the vestibular system, dark cells and transitional cells expressed abundant
basolateral NHE-1 as did hair cells in the neurosensory epithelium and
neurons in the vestibular ganglia. Immunostaining with anti-NHE-3 was
limited to the apical surface of marginal cells in the stria vascularis.
Changes in the expression of NHE-1 in response to chronic metabolic
acidosis (CMA) and dexamethasone treatment were examined
immunohistochemically. In the cochlea, CMA resulted in 127+58% and
221 +84% increases in immunostaining intensity for NHE-1 in the stria
vascularis and outer hair cells, respectively. Spiral ganglion neurons also
appeared to upregulate their NHE-l protein expression whereas fibrocytes and
inner hair cells showed little change in immunostaining intensity in
response to CMA. In contrast, dexamethasone treatment increased NHE-1
immunostaining intensity at all sites throughout the cochlea including strial
marginal epithelial cells, inner and outer hair cells, spiral ganglion neurons
and certain populations of fibrocytes.

CHAPTER 1
INTRODUCTION

INTRODUCTION

THE COCHLEA
The cochlea (Fig. 1-1) is responsible for converting acoustic impulses
entering the external ear canal into electrical signals which are encoded into
action potentials and relayed to the central nervous system for further
processing. This process, known as mechanoelectrical transduction, is
performed by specialized sensory hair cells within the cochlea. There are two
types of cochlear hair cells, inner and outer hair cells. In the human cochlear
there are approximately 3,500 inner hair cells and 12,000 outer hair cells
(Dallas, P., 1992). The inner hair cells are the sensory receptors of the cochlea
as they receive approximately 95% of the afferent innervation. The outer hair
cells are thought to playa role in the modification of cochlear vibrations
,through motile responses. The cochlea consists of a single bony tube (the
bony labyrinth) which coils like a snail shell around a middle "core" (the
modiolus) containing the auditory nerve. The tube diminishes in diameter
as it spirals from base to apex and is divided into three separate fluid-filled
cavities, called scalae, by the membranous tissue within the cochlea (Fig. 1-2).
The scala tympani and scala vestibuli contain perilymph. The scala media
contains endolymph which is encompassed by the stria vascularis, Reissner's
membrane and the organ of Corti. The organ of Corti contains the sensory
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hair cells that transduce sound waves into electrical impulses. Although the
ionic composition of perilymph in scala vestibuli and scala tympani is slightly
different (Table 1-1), these compartments are not independent of each other.
There is considerable "cross-communication" across the spongy spiral
ligament in all turns of the cochlea, so that substances present in scala
tympani will rapidly diffuse into scala vestibuli (and vice versa). The scala
media, on the other hand, is a privileged compartment surrounded by an
epithelium joined by tight junctions. Thus, the maintenance of the chemical
composition of both perilymph and endolymph depends on ion transport
mediators localized in the complex epithelium surrounding them.
Perilymph is a typical extracellular fluid, with ionic composition
similar to cerebrospinal fluid (Table 1-1). Endolymph is a unique extracellular
fluid, with an ionic composition unlike that found anywhere else in the body.
The major cation in endolymph is potassium, and there is virtually no
sodium. Because endolymph is so unlike any other body fluid, the process by
which it is maintained and regulated has been the subject of active research
for the past few decades.

THE ENDOCOCHLEAR POTENTIAL
The generation of a large voltage gradient, the endocochlear potential
(EP), is dependent upon the existence of steep ion gradients between
endolymph and perilymph and is essential for normal mechanoelectrical
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transduction by auditory hair cells (for review see Marcus, D.C., 1986; Salt and
Thalmann, 1988). The EP is responsible for driving K+ ions from the
endolymph into the auditory hair cells in response to vibrations induced by
sound waves. These vibrations cause deflection of hair-like cilia, known as
stereocilia, which project from the apical surface of inner and outer hair cells.
This deflection results in the opening of mechanically gated cation channels
located on the stereocilia thus allowing K+ ions to enter and depolarize the
hair cells. Upon depolarization neurotransmitter, thought to be glutamine, is
released at the base of the hair cells encoding acoustic information sent to the
central nervous system.
It is now believed, based on electrophysiological and
immunohistochemical data, that the high [K+] and low [Na+] in cochlear
endolymph and consequently the EP are maintained, in part, by the
cooperative activity of several different cell types encircling the endolymph
including specialized lateral wall fibrocytes and strial marginal cells rich in
Na,K-ATPase (Kerr et al., 1982; Offner et al., 1987; Salt et al. 1987; Schulte and
Adams, 1989; McGuirt and Schulte, 1994; Schulte and Steel, 1994; Nakazawa et
al., 1995; Furukawa et al., 1996) and the Na-K-Cl cotransporter (Crouch et al.,
1997; Mizuta et al., 1997). However, this complex system remains
incompletely understood because the vectorial movement of ions across a
multicellular epithelial barrier such as the stria vascularis is dependent on
the combined activity of many different cellular ion transport mediators in
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each of the cell types involved. The further elucidation of inner ear ion
homeostasis thus requires gaining precise knowledge of which transport
mediators are present in the cochlea as well as their cellular and subcellular
distribution and regulation (Wangemann et al., 1995a).

EVIDENCE OF NHE IN THE INNER EAR
Recent, physiological and pharmacological studies have indicated the
involvement of the Na+ /H+ exchange protein (NHE) in inner ear ion
homeostasis and suggested its localization in the basolateral plasmalemma of
marginal cells in the stria vascularis, dark and transitional cells in the gerbil's
vestibular system (Ikeda et al., 1994; Wangemann et al., 1993; Wangemann et
al., 1996) as well as outer hair cells (Ikeda et al., 1992; Mroz and Lechene, 1993).
Wangemann et al. (1996) have shown that amiloride, a selective but not
specific blocker of NHE activity, promotes cytosolic acidification and inhibits
propionate-induced alkalinization in strial marginal cells. Support for NHE
in this site derives also from work by Ikeda et al. (1994) showing that NH4Clinduced intracellular acidification of the guinea pig stria vascularis returns to
control values in a Na+-dependent and amiloride-sensitive manner. Mroz
and Lechene (1993) have postulated the presence of NHE in goldfish hair cells
based on the fact that the removal of extracellular Na+ induced intracellular
"

acidification. Ikeda et al. (1992) also reported that Na+ induced recovery from
intracellular acidification was inhibited by amiloride indicating the presence
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of NHE in guinea-pig outer hair cells. In addition, recent data in abstract form
have reported the use of reverse transcription and the polymerase chain
reaction (RT-PCR) to amplify DNA fragments of all four NHE isoforms in the
st!la vascularis of the rat cochlea (Gota et al., 1997).

NHE FAMILY

The NHE is an integral plasma membrane protein present in all
eukaryotic cells that catalyzes the electroneutral exchange of extracellular Na+
for intracellular H+ with a stoichiometry of one for one (Murer et al., 1976;
Seifter and Aronson, 1986; Tse et al., 1993a). All known NHE isoforms are
separate gene products comprised of approximately 800 amino acids sharing
40% homology (Fig. 1-3). NHE secondary structure consists of 10 to 12
transmembrane domains and a carboxy-terminal cytoplasmic tail consisting
of approximately 300 amino acids (Fig. 1-4). The NHE is allosterically
activated by intracellular H+, presumably at an internal H+ "modifier site".
The NHE family is known to consist of at least five different isoforms
which function to regulate intracellular pH, maintain cell volume and
vectorially transport Na+ across epithelia (for review see Grinstein et al., 1989;
Tse et al., 1993a; Bianchini and Pouyssegur, 1994; Noel and Pouyssegur, 1995).
NHE-1 is a ubiquitously expressed housekeeping isoform located in the
basolateral membrane of most eukaryotic cells (Biemesderfer et al., 1992)
which functions to maintain cell pH and volume (Seifter and Aronson, 1986;
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Sardet et al., 1989). NHE-2 and NHE-3, on the other hand, have been shown
to be involved in the vectorial transport of Na+ by epithelial cells
(Biemesderfer et al., 1993 ; Tse et al., 1993; Tse et al., 1994). NHE-3 expression
is limited to the apical membrane of polarized epithelial cells and is
responsible for the resorption of Na+ across these cells (Biemesderfer et aL,
1993; Soleimani et aL, 1994; Dudeja et aL, 1996). NHE-4 is sensitive to

fluctuations in osmolarity and likely plays a role in volume regulation in
certain cell types (Bookstein et al., 1994; Orlowski et al., 1992). The recently
identified NHE-5 (BNHE) isolated from trout red blood cells (Borgese et al.,
1992) shares high amino acid homology with NHE-1 and is the only isoform

found to be activated by increased levels of cyclic AMP. All isoforms except
NHE-3 are sensitive to inhibition by the diuretic drug amiloride.

In order to confirm and extend the postulated role for NHE in inner
ear ion homeostasis it is necessary to identify the presence and the specific
cellular and subcellular protein expression patterns of the different NHE
isoforms in inner ear tissues. Thus as a first aim of this study we used
isoform specific primers and RT-PCR to explore the gerbil inner ear for the
presence of mRNA transcripts encoding NHE isoforms 1-4. The second aim
of this study subsequently focused on mapping the cellular and subcellular
distribution of NHE-1 and NHE-3 in the inner ear using isoform-specific
polyclonal antibodies.

8
REGULATION OF NHE
Regulation of NHE activity is of critical importance for the
maintenance of intracellular pH and Na+ resorption. NHE has been shown to
modulate its activity in response to hormones, growth factors and changes in
intracellular pH. Protein kinases playa role in regulating NHE-l activity
which increases in relation to its state of phosphorylation suggesting
phosphorylation is at least partially responsible for NHE activation.
However, when amino acid regions containing the phosphorylation sites are
cleaved away the protein is still activatable by growth factors. The existence of
an NHE regulatory protein would explain these results (Wakabayashi et al.,
1994). Although NHE-1 is a glycoprotein it appears that glycosylation is
unnecessary for normal expression and function (Sardet et al., 1990;
Counillon et al., 1994). Understanding the regulatory mechanisms of NHE
will be helpful in determining its physiological role in inner ear ion
homeostasis.

CHRONIC METABOLIC ACIDOSIS
Many studies have utilized NH4 Cl ingestion to induce chronic
metabolic acidosis (CMA). Rats provided with 1.5% NH4 Cl drinking water for
7 days responded with decreases in blood and urine pH from 7.47 to 7.32 and
7.06 to 5.48, respectively (Guern et al., 1982). Kinsella et al. (1984) reported a
43% increase in proximal tubule NHE activity in rats given 10/0 NH4 Cl
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drinking water for 6-8 days along with decreased urine and blood pH from
6.81 to 5.77 and 7.41 to 7.19, respectively. Another study reported a 1.S-fold
increase in activity and a 3-fold increase in NHE protein expression along
with decreases in blood pH from 7.37 to 7.17 in rats given 1.5% NH4 CI
drinking water for 5 days (Wu et al., 1996). In summary, CMA has been
shown to induce increases in renal epithelial cell NHE activity (Borie et al.,
1990; Igarashi et al., 1992; Moe et al., 1991), mRNA (Krapf et al., 1991;
Laghmani et al., 1997) and protein (Horie et al., 1990; Tsai et al., 1984; Wu et
al., 1996; Laghmani et al., 1997).
Based on the above mentioned data it is possible that NHE-1 present in
the gerbil cochlea is upregulated during CMA. Thus, the third aim of this
study was designed to examine changes in the cellular expression levels of
cochlear NHE-1 protein in response to NH4CI-induced CMA as assesed by
semiquantitative immunohistochemical analysis.

DEXAMETHASONE
Dexamethasone is a potent synthetic glucocorticoid which exhibits
minimal mineralocorticoid activity (Raynaud and Ojasco, 1983; Feldman,
1972) and 80% bioavailability in serum (Duggan et al., 1975). The subcellular
mechanism of action for all steriod hormones is as follows: (1) the lipid
soluble hormone (dexamethasone) diffuses through the plasma membane to
the cytosol where it binds a specific receptor (glucocorticoid receptor; type II);
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(2) the hormone-receptor complex migrates into the nucleus where it
interacts with the genome activating transcription, which ultimately results
in the translation of specific proteins; and (3) physiological responses to the
actions of these induced proteins (Feldman et aL, 1972). Physiological
responses to glucocorticoids include stimulation of gluconeogenesis,
mobilization of fatty acids, immune supression and antiinflammation.
Glucocorticoids have also been shown to playa role in regulating cellular ion
transport activities. For instance, in the toad urinary bladder glucocorticoids
stimulate Na+ transport (Edelman, 1968).
Improvement of hearing in response to administration of
glucocorticoids has been documented in normal human subjects as well as in
human subjects suffering from a variety of disorders affecting hearing and
balance. In patients with Addison's disease sensory perception thresholds
returned to norma11evels upon application of glucocorticoids (Joe1s and de
Kloet et aL, 1989). Meniere's disease patients treated with dexamethasone
experienced improved hearing (Itoh and Sakata, 1991; Shea and Ge, 1996). A
reduction in hearing loss was reported in patients with bacterial meningitis
and immune-mediated inner ear disease when treated with glucocorticoids
(Schaad et aL, 1995; Welling, 1996). In addition, Park et aL (1994) have shown
that dexamethasone pretreatment partially prevents salicylate-induced
hearing loss in chinchillas.
Glucocorticoid-induced stimulation of NHE activity has been
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extensively reported in other organ systems. Baum et al. (1993) showed that
dexamethasone-induced increases in NHE activity, due to increased maximal
velocity of the transporter, in the proximal tubule-like OKP cell line were
dependent upon protein synthesis. Dexamethasone treated rabbits
demonstrated increased amiloride-sensitive NHE activity in isolated renal
proximal cells which was dependent upon both RNA and protein synthesis
(Bidet et al., 1987). In addition, dexamethasone injected rats exhibited
increased amiloride-sensitive NHE activity in isolated proximal tubule brush
border vesicles (Freiberg et al., 1982; Kinsella et al., 1985). These results are
consistent with an increase in the number of exchangers localized in the
membrane in response to dexamethasone treatment.
Glucocorticoid receptors are necessary for the mediation of
glucocorticoid-induced physiologic responses. These receptors have been
identified in

t~e

inner ear of rats (ten Cate et al., 1993), guinea pigs (Pitovski et

al., 1994), mice (Erichsen et al., 1996) and humans (Rarey and Curtis, 1996).
Immunohistochemical studies have localized glucocorticoid receptors to the
spiral ligament, stria vascularis, spiral limbus and spiral ganglion (ten Cate et
al., 1993). Glucocorticoid receptor levels are highest in the spiral ligament,
organ of corti and stria vascularis (Rarey et al., 1993). The presence of
glucocorticoid receptors in cochlear tissue suggests a role for glucocorticoids in
regulating inner ear physiology likely through induction of protein synthesis,
since dexamethasone has been shown to induce de novo synthesis of protein
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in rat inner ear tissue (Yao et al., 1995).
Based on these reports of increased NHE activity and mRNA levels in
kidney epithelial cells and the presence of glucocorticoid receptors in the ear it
is hypothesized that administration of dexamethasone will induce increases
in NHE-1 protein expression in the gerbil cochlea. Therefore, the final aim of
this study was to evaluate potential changes in the cellular expression levels
of cochlear NHE-l protein in dexamethsone-treated gerbils as assessed by
semiquantitative immunohistochemical analysis.
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Table 1-1. Chemical composition of the cochlear fluids.
ST
Perilymph

SV
Perilymph

Endolymph

CSF

Sodium (mM)

148

141

1.3

149

Potassium (mM)

4.2

6.0

157

3.1

Chloride (mM)

119

121

132

129

Bicarbonate (mM)'

21

18

31

19

Calcium (mM)

1.3

0.6

0.023

-

Protein (mg/ dl)

178

242

38

24

pH

7.3

7.3

7.4

7.3

0

<3

85

a

Potential (m V)
ST

= scala tympani, SV = scala vestibuli, CSF = cerebrospinal fluid
From: Salt et al., 1995

Figure 1-1. Gross anatomical structures in the outer, middle and inner ear.
From E.W. Beck American Academy of Audiology.
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Fig. 1-1
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Figure 1-2. Cross-section of the three scalae of the cochlea.
From Santos-Sacchi, Physiology of the Ear.

Fig. 1-2

Figure 1-3. Amino acid sequence homology between Na+ /H+ exchanger (NHE)
isoforms from rat. From Noel and Pouyssegur, 1995.
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NHE-l

NHE-2 -5-7

_I-----~

01<-0

NHE-4

NHE-3

Fig. 1-3. NHE Homology

Figure 1-4. Topology predicted from hydrophobicity analysis of the gene
family of mammalian NHE plus that determined by biochemical studies.
From Noel and Pouyssegur, 1995.
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717

Fig. 1-4. NHE Topology

CHAPTER 2
IDENTIFICATION OF mRNA TRANSCRIPTS FOR Na/HEXCHANGER
ISOFORMS 1-4 IN GERBIL INNER EAR

MATERIALS AND METHODS

Isolation of Total RNA
Three, six month-old Mongolian gerbils (Meriones unguiculatus) were
anesthetized by intraperitoneal injection of urethane (1.5 g/kg in dH 20). The
whole temporal bones, along with brain, heart, stomach, kidney and blood
were rapidly collected and immersed in liquid nitrogen. Control tissues
including brain, stomach, kidney and intestine were collected from similarly
aged Sprague-Dawley rats and processed in an identical manner. The care and
use of the animals used in this study was approved by The Medical
University of South Carolina's Animal Care and Use Committee under NIH
Grant DC00713.

Reverse-transcription Polymerase Chain Reaction (RT-PCR)
Total ribonucleic acid (RNA) was obtained from six gerbil temporal
bones and control tissues from the gerbil and rat using TRIzolTM Reagent (Life
Technologies, Gaithersburg, MD) and techniques based on the RNA isolation
method developed by Chomczynski and Sacchi (1987). Total RNA was
DNAse treated to eliminate possible contaminating genomic DNA. First
strand complementary deoxyribonucleic acid (cDNA) was synthesized using
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total RNA, random hexamers and SuperScriptTM reverse transcriptase (Life
Technologies, Gaithersburg, MD) as described by the manufacturer.
PCR primers were designed based on the known rat DNA sequences of
the four NHE isoforms using the PrimerSelect program of DNASTAR
software. Four sets of novel PCR primers were designed to amplify selected
regions of the four NHE genes (Table 2-1). All four primer sets were located
in exons separated by introns. Regions which share little nucleotide
homology with the other NHE isoforms were selected to decrease the
possibility of cross-amplification. DNAse treatment was performed to
prevent the possible amplification of contaminating genomic DNA. Primers
were produced by the MUSC Biochemistry Department using the Millipore
Expedite 8909 DNA synthesizer. PCR amplification was performed in a
Perkin Elmer Cetus DNA Thermal Cycler. Products of the PCR were stained
with ethidium bromide and separated on a 1% agarose gel.

Cloning and Sequencing
The purified peR products were inserted into the pCR™2.1 cloning
vector using the Original TA CloningTM Kit (Invitrogen, San Diego, CA).
White/Blue colony selection was used to identify colonies with inserts.
Positive clones were grown overnight in LB medium containing ampicillin
(50 mg/ml). Two JlI of the overnight culture was used in a peR reaction
containing 0.10/0 Triton-XIOO to identify the colonies with correct inserts.
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Plasmid DNA was recovered using the QIAprep spin plasmid kit (QIAGEN,
Chatsworth, CA). Nucleic acid analysis of positive clones was achieved by
automated fluorescence-based sequencing performed by the nucleic acid
analysis facility in the MUSC Biochemistry Department using an ABI 373A
DNA sequencer. Sequences were identified by searching the GenBank
database and using the Clustal alignment method. The Clustal alignment
method is a modified version of the method of Feng and Doolittle (1987) who
aligned the sequences in larger and larger groups according to the branching
order in an initial phylogenetic tree. This approach allows a very useful
combination of computational tractability and sensitivity. This is done using
a dynamic programming algorithm where one allows the residues that occur
in every sequence at each alignment position to contribute to the alignment
score.

RESULTS
PCR products of the predicted size were obtained from positive control
rat kidney cDNA with all four sets of primers (Table 2-1). Four clones
containing PCR inserts of appropriate size for each NHE isoforrn were
generated from the gerbil inner ear. DNA sequencing revealed the presence
of the putative housekeeping gene NHE-1, as expected (GenBank Accession:
, U93490). This 459 base pair product (Fig. 2-1) shared 92.8% nucleotide (Fig. 22) and 98.7% amino acid (Fig. 2-3) homology with the corresponding rat
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sequence. A NHE-2 317 bp product (Fig. 2-4) sharing 92.1 % nucleotide (Fig. 25) and 100% amino acid (Fig. 2-6) homology with the rat isoform also was

cloned (GenBank Accession: U93491). A NHE-3 470 bp product (Fig. 2-7) was
found to share 91.1 % nucleotide (Fig. 2-8) and 99.4% amino acid (Fig. 2-9)
homology with the rat exchanger (GenBank Accession: U93492). NHE-4 was
detected in cochlear cDNA as a 352 base pair product (Fig. 2-10) sharing 88.9%
nucleotide (Fig. 2-11) and 88.9% amino acid (Fig. 2-12) homology with its rat
counterpart (GenBank Accession: U93493).
RT-PCR also was performed, with negative results (data not shown),

on cDNA generated from gerbil blood to eliminate this as a possible source of
NHE isoform PCR products. No peR products were obtained when mRNA
from gerbil inner ear or rat kidney was used in place of eDNA, thus
eliminating the possibility that the peR products were derived from genomic
DNA.

SUMMARY
mRNA transcripts for NHE isoforms 1-4 are expressed in the gerbil
inner ear. No conclusions can be made concerning the expression levels or
localization of these proteins. All gerbil NHE isoforms expressed in the
cochlea share a high amino acid homology with their corresponding rat NHE
genes.
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Table 2-1. PCR primers and expected PCR product sizes.
Isoform

Primer sequences 5'-3'

peR product size

NHE-1

GGGCGGCGAGCAGATCAATAACA

459

ACGTAGGGGCGCATCACCACTCC
NHE-2

TGAAGACTGGGATTGAAGATGTTTGTGG

317

GCGCTGGCGGATTTGATAGAGATTC
NHE-3

CATCGCCTCCTTCACACTCACACCCACACT

470

CCCCCAGGCTCACCACGAAGAAGGAC
NHE-4

AAGGCTGGGATTGAAGATGTATGTGG
TTTGGGGTTTGAGGTTGTATTTGTTGT

352

Figure 2-1. Gerbil cochlea and rat kidney NHE-1 RT-PCR products separated
on a 1% agarose gel and stained with ethidium bromide. A 100 base pair (bp)
ladder is shown for size reference.
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bp

600
500
400
300

459bp

Fig. 2-1. NHE-1

Figure 2-2. Gerbil cochlear NHE-l nucleotide sequence as compared with
published rat kidney NHE-l using the Clustal method (DNA STAR).
Nucleotide substitutions in gerbil NHE-l are marked with an asterisk.
Nucleotide homology between the gerbil transcript and rat NHE-l gene is
92.8%.
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Homology: 92.8%

Fig. 2-2. NHE-l Nucleotide Sequence

Figure 2-3. Gerbil cochlear NHE-l amino acid sequence as compared with
published rat kidney NHE-l using the Clustal method (DNA STAR). Amino
acid substitutions in gerbil NHE-l are marked with an asterisk. Amino acid
homology between gerbil and rat NHE-l is 98.7%.
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Fig. 2-3. NHE-l Amino Acid Sequence

Figure 2-4. Gerbil cochlea and rat kidney NHE-2 RT-PCR products separated
on a 1% agarose gel and stained with ethidium bromide. A 100 base pair (bp)
ladder is shown for size reference.
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Figure 2-5. Gerbil cochlear NHE-2 nucleotide sequence as compared with
published rat kidney NHE-2 using the Clustal method (DNA STAR).
Nucleotide substitutions in gerbil NHE-2 are marked with an asterisk.
Nucleotide homology between the gerbil transcript and rat NHE-2 gene is
92.1 0/0.
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Fig. 2-5. NHE-2 Nucleotide Sequence

Homology: 92.1 0/0

Figure 2-6. Gerbil cochlear NHE-2 amino acid sequence as compared with
published rat kidney NHE-2 using the Clustal method (DNA STAR). Amino
acid substitutions in gerbil NHE-2 are marked with an asterisk. Amino acid
homology between gerbil and rat NHE-2 is 100%.
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Fig. 2-6. NHE-2 Amino Acid Sequence

Figure 2-7. Gerbil cochlea and rat kidney NHE-3 RT-PCR products separated
on a 1% agarose gel and stained with ethidium bromide. A 100 base pair (bp)
ladder is shown for size reference.
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Figure 2-8. Gerbil cochlear NHE-3 nucleotide sequence as compared with
published rat kidney NHE-3 using the Clustal method (DNA STAR).
Nucleotide substitutions in gerbil NHE-3 are marked with an asterisk.
Nucleotide homology between the gerbil transcript and rat NHE-3 gene is
91.1 0/0.
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Fig. 2-8. NHE-3 Nucleotide Sequence

Homology: 91.1 0/0

Figure 2-9. Gerbil cochlear NHE-3 amino acid sequence as compared with
published rat kidney NHE-3 using the Clustal method (DNA STAR). Amino
acid substitutions in gerbil NHE-3 are marked with an asterisk. Amino acid
homology between gerbil and rat NHE-3 is 99.4%.
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Fig. 2-9. NHE-3 Amino Acid Sequence

Figure 2-10. Gerbil cochlea and rat kidney NHE-4 RT-PCR products separated
on a 1% agarose gel and stained with ethidium bromide. A 100 base pair (bp)
ladder is shown for size reference.
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Figure 2-11. Gerbil cochlear NHE-4 nucleotide sequence as compared with
published rat kidney NHE-4 using the Clustal method (DNA STAR).
Nucleotide substitutions in gerbil NHE-4 are marked with an asterisk.
Nucleotide homology between the gerbil transcript and rat NHE-4 gene is
88.9%.
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Fig. 2-11. NHE-4 Nucleotide Sequence

Figure 2-12. Gerbil cochlear NHE-4 amino acid sequence as compared with
published rat kidney NHE-4 using the Clustal method (DNA STAR). Amino
acid substitutions in gerbil NHE-4 are marked with an asterisk. Amino acid
homology between gerbil and rat NHE-4 is 88.9%.
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Fig. 2-12. NHE-4 Amino Acid Sequence

CHAPTER 3
IMMUNOHISTOCHEMICAL LOCALIZATION OF Na/H EXCHANGER
ISOFORMS 1 AND 3 IN THE GERBIL INNER EAR

MATERIALS AND METHODS

Animals and Tissue Processing
Inner ears were obtained from six, 3 to 4 month old Mongolian gerbils

(Meriones unguiculatus). The gerbils were born and raised in a quiet
vivarium with a mean noise level of approximately 40 dBA (Mills et aL,
1990). The handling of animals was approved by The Medical University of
South Carolina's Animal Care and Use Committee under NIH Grant
DC00713.
The gerbils were anesthetized by intraperitoneal injection of urethane
(1.5 g/kg in dH20) and then exsanguinated by transcardial perfusion with 10
ml of a warm 0.9% saline solution containing 0.1 % sodium nitrite followed
by 40 ml of fixative fluid containing 10% formalin, 0.9% NaCl, and 0.5% zinc
dichromate with the pH adjusted to 5.0 just prior to use. The bullae were
opened rapidly, the stapes removed, the round window perforated, and 0.5 ml
of fixative was infused gently through the oval window. The inner ears were
dissected free and immersed in fixative for an additional 15 min, rinsed with
saline, and decalcified by immersion in 0.12 M EDTA (pH 7.0) for 48-72 hours
at room temperature with gentle stirring. The EDTA solution was changed
daily.
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Specimens of a variety of organs were also collected and fixed by
immersion for 30 min to serve as positive and negative tissue controls. The
decalcified inner ears and other tissues were dehydrated in a graded series of
ethanols (70% 2hr; 80% 2 hr; 95% 2 hr; 100% 3 x 1 hr), cleared in Histoclear 3 x
1 hr; National diagnostics, Manville, N]), and embedded in Paraplast Plus (2 x
1 hr at 58C; Curtin Matheson, Marietta, GA). Serial midmodiolar sections of
the cochlea were cut at 4 J..Lm thickness and mounted on glass slides. The
organs embedded in composite tissue blocks were also sectioned at 4 J..Lm
thickness

Antibodies to Rat NHE-l and NHE-3
Polyclonal antisera raised against glutathione-S-transferase (GST)
fusion proteins encompassing the C-terminal domains of NHE-l and NHE-3
were kindly

p~ovided

by Dr. L.L. Ng (Leicester Royal Infirmary, Leicester, UK).

The GST /NHE-l construct consisted of amino acids 627 to 820 of the
cytoplasmic domain of rat NHE-l, and the CST /NHE-3 construct consisted of
amino acids 528 to 636 from rat NHE-3. The generation and characterization
of these antibodies has been described previously (Kelly et al., 1997). The
immunoglobulins were purifed from rabbit sera by elution from a HiTrap®
Protein A column (Pharmacia, Uppsala, Sweden). The NHE-l and NHE-3
antisera are referred to as G116 and GIlD, respectively.
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Immunhistochemical Staining Procedures
Immunoperoxidase staining was performed as described previously
with the following modifications (Schulte and Adams, 1989). Sections were
rehydrated by passing through Histoclear, 100% ethanol, 95% ethanol, 70%
ethanol and water. Slides were then incubated in 3% hydrogen peroxide in
distilled water to block endogenous peroxidases and rinsed thoroughly in
distilled water. The sections were flooded with a 1% solution of sodium
dodecyl sulfate for 5 min to denature protein and rinsed thoroughly in 0.1 M
phosphate buffered saline (PBS) pH 7.2. The sections were blocked with 10/ 0
nonimmune goat serum (NGS) in PBS for 20 min and incubated at 4°C
overnight in one of the primary antisera (G116 diluted 1:200 or G110 diluted
1:800) in NGS-PBS. The primary antisera were preabsorbed with rat liver GST
(2 J..Lg/mL) (Sigma, St. Louis, MO) to block possible cross reactivity with GST
epitopes since these antibodies were generated against GST fusion proteins.
After overnight incubation the sections were rinsed in NGS-PBS, incubated
for 30 min in a 1:200 dilution of biotinylated goat anti-rabbit IgG (Vector
Laboratories, Burlingame, CA), rinsed in PBS, and incubated in Vectastain
ABC reagent for 30 min. Sites of bound primary antibodies were visualized
by monitoring the development of reaction product in 3,3'diaminobenzidine-H 20 2 (DAB) substrate medium. Slides were dehydrated by
passing back through the graded series of ethanol to Histoclear and
coverslipped with Accu-Mount 60™ (Baxter, Deerfield, IL).
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Non-immune rabbit serum was substituted, at the approiate dilution,
for primary antiserum as a methods control. Sections from composite blocks
containing a variety of tissue from gerbil organs were processed in parallel
with the inner ears as positive and negative tissue staining controls. Also,
incubation of G116 and G110 antisera with the CST fusion protein used in
their generation resulted in a loss of immunolabeling in inner ear and
positive control tissues.

Biotinylated Tyramine Amplification
Because of a somewhat weak signal some of the tissues stained with
G1l0 were subjected to a biotinylated tyramine (BT) amplification step as

described by Adams (1992). The BT was prepared as follows: 20 mg EZ-LinkTM
Sulfo-NHS-LC-Biotin (Pierce, Rockford, IL) was mixed with 8 mL of 50 mM
borate buffer (pH 8.0) and 6.25 mg tyramine-Hel (Sigma, St. Louis, MO),
stirred overnight at room temperature and filtered with a 0.45 Jlm syringe
filter. The immunostaining procedure was identical to that described above
through the PBS rinse following incubation in the ABC complex. Slides were
then incubated in 0.010/0 hydrogen peroxide and BT (4 JlL BT /mL PBS) for 10
min followed by a PBS rinse. A second 30 min incubation with the ABC
complex and PBS rinse was performed followed by development in DAB
substrate media as described above. This amplification procedure allowed the
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use of G110 antiserum at dilutions ranging from 1:600 to 1:1200 which
resulted in a much higher signal to noise ratio.

RESULTS
NHE-l Immunohistochemistry
The polyclonal antibody G116, against NHE-l, bound to expected sites
in positive control tissues as well as several cell types in the gerbil inner ear.
Strong immunostaining was present in the basolateral membrane of
columnar epithelial cells lining the lumen of the gerbil gall bladder (Fig. 3-1a)
as well as those lining the striated ducts of the gerbil sublingual gland (Fig. 3Ib), which serve as positive control sites for G116.
In the cochlea, G116 reacted with strial marginal cells, inner and outer

hair cells and spiral ganglion neurons (Fig. 3-2a). Less intense staining for
NHE-l was present in subpopulations of fibrocytes in the limbus, inferior
spiral ligament, supralimbal and suprastrial regions (Fig. 3-2a). Higher
magnification revealed that immunostaining of moderate intensity was
restricted to the basolateral plasma membrane of marginal cells in the stria
vascularis (Fig. 3-2b). In contrast, spiral ganglion neurons showed a punctate
staining pattern with weak to no reactivity of the neurolemma (Fig. 3-2c).
This same staining pattern was observed in neurons in various regions of the
gerbil brain (not shown). Inner and outer hair cells showed heavy diffuse
immunostaining throughout their cytosol (Fig. 3-2d).
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In the vestibular system, dark cells (Fig. 3-3b) and transitional cells (Fig.
3-3c) in the utricle and ampullae expressed abundant NHE-I which was
limited to the basolateral membrane of these cells types. Staining was also
present in ganglia neurons and hair cells of the vestibular system (Fig. 3-3a).
All positive NHE-l immunostaining in the inner ear and composite
tissue blocks was greatly attenuated or abolished when Gl16 at a dilution of
1:200 was preincubated with 1.5 mg of the GST /NHE-1 fusion protein (not
shown) against which it was raised.

NHE-3 Immunohistochemistry
The polyclonal antibody GIla was generated against a synthetic peptide
from the cytosolic domain of rat NHE-3 fused to GST. This isoform has been
shown to be expressed only at the apical surface of polarized epithelial cells.
Strong stainin_g was present at the apical plasmalemma of enterocytes in the
gerbil colon used as positive control tissue (Orlowski et aL, 1992) (Fig. 3-4a). In
the gerbil ear, NHE-3 immunostaining was restricted to the apical surface of
strial marginal cells (Figs. 3-4b and 4c). No other sites in the inner ear
including the dark cells in the vestibular system were bound by the GI10
antibodies. Preabsorption with the NHE-3 GST fusion protein used to
generate GIla resulted in loss of immunolabeling of strial marginal cells and
all positive control tissues (not shown).
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SUMMARY

NHE-l is expressed in the basolateral plasmalemma of gerbil epithelial
cells in the gall bladder and sublingual gland as well as strial marginal cells,
inner and outer hair cells, fibrocytes and spiral ganglian neurons of the
cochlea. NHE-l is also expressed in transitional, dark, hair and neuronal cells
of the vestibular system.
NHE-3 expression is limited to the apical membrane of strial marginal
cells in the cochlea.

Figure 3-1. Sections of control tissues immunostained with antiserum Gl16,
specific for NHE-1. (a) The lateral plasmalemma of lumenal (L) epithelial
cells in gerbil gall bladder is heavily labeled. (b) The basolateral membrane of
columnar epithelial cells lining striated ducts in gerbil sublingual gland is
strongly reactive. (a) X550, (b) X85.
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Fig. 3-1. NHE-1 Immunostaining

Figure 3-2. Sections of inner ear immunostained with antiserum Gl16,
specific for NHE-l. (a) A mid-modiolar section through the middle turn of
the gerbil cochlea shows immunoreactivity in the stria vascularis (StV), inner
(arrowhead) and outer hair cells (arrows) and spiral ganglion neurons (5G).
Less intense staining for NHE-l was present in subpopulations of fibrocytes in
the limbus (L), inferior spiral ligament (I5L), supralimbal (SL) and suprastrial
(55) regions. (b) Higher magnification illustrates staining at the basolateral,
but not the apical plasma membrane of striaI marginal cells. (c) Spiral
ganglion neurons show a coarse granular staining throughout the soma. (d)
Inner (arrowhead) and outer hair cells (arrows) show heavy diffuse cytosolic
labeling. (a) X125, (b) X430, (c) X470, (d) X410.
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Fig. 3-2. NHE-l IInInunostaining

Figure 3-3. (a) Section through a christae shows strong immunostaining in
the basolateral plasmalemma of dark cells (arrows) and transitional cells
(arrowheads). Higher magnification illustrates staining at the basolateral
membrane of vestibular dark cells (b) and transitional cells (c). (a) X315, (b)
X600, (c) X650
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Fig. 3-3. NHE-l Immunostaining

Figure 3-4. Sections incubated with antiserum GIIO, specific for NHE-3,
illustrate strong immunoreactivity at the apical surface of polarized epithelial
cells. (a) GIIO staining at the apical surface of enterocytes bordering the
lumen (L) of the gerbil colon serves as positive control. (b) A mid-modiolar
section through the lower turn of the gerbil cochlea shows immunoreactivity
at the apical surface of strial marginal cells (arrows) bordering the scala media
(SM). (c) Higher magnification of the lateral wall exclusively demonstrates
NHE-3 along the apical plasmalemma of stria I marginal cells. (a) X400, (b)
Xl60, (c) X1180.
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Fig. 3-4. NHE-3 Immunostaining

CHAPTER 4
DEXAMETHASONE AND CHRONIC METABOLIC ACIDOSIS
UPREGULATE EXPRESSION OF Na/HEXCHANGER ISOFORM 1 IN THE
GERBIL COCHLEA

MATERIALS AND METHODS

Animals and Tissue Processing
Inner ears were obtained from twenty-four, 3 to 4 month old
Mongolian gerbils (Meriones unguiculatus) of either gender. The gerbils
were born and raised in a quiet vivarium with a mean noise level of
approximately 40 dBA (Mills et al., 1990). The handling of animals was
approved by The Medical University of South Carolina's Animal Care and
Use Committee under NIH Grant DC00713.
Six gerbils were assigned to each of four different groups. The control
animals (dexamethasone matched) in Group 1 received normal saline
injections. Animals in Group 2 received 5 injections of dexamethasone (Pro
Labs, St. Joseph, MO) 90 Jlg/IOO g body weight at 12 h intervals. The control
animals (chronic metabolic acidosis matched) of Group 3 received normal
drinking water. The chronic metabolic acidosis (CMA) animals in Group 4
received 1% NH4Cl (Sigma, St. Louis, MO) in their drinking water for 7 d.
The dexamethasone was diluted in normal saline and injected
intraperitoneally. Animals were sacrificed 2 h after the final injection of
dexamethasone.
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The gerbils were anesthetized by intraperitoneal injection of urethane
(1 . 5 g/kg in dH20). Urine pH values were obtained from the CMA and the
normal drinking water control animals by extracting urine directly from the
bladder with a needle and syrine and applying to a pH test strip (Sigma" St .
Louis, MO). Following urine collection the gerbils were exsanguinated by
transcardial perfusion with 10 ml of a warm 0.9% saline solution containing
0.1 % sodium nitrite followed by 40 ml of fixative fluid containing 10%
formalin, 0.9% NaCI, and 0.50/0 zinc dichromate with the pH adjusted to 5.0
just prior to use. The bullae were opened rapidly, the stapes removed, the
round window perforated, and 0.5 ml of fixative was infused gently through
the oval window. The inner ears were dissected free and immersed in
fixative for an additional 15 min, rinsed with saline, and decalcified by
immersion in 0.12 M EDTA (pH 7.0) for 48-72 hours at room temperature
with gentle stirring. The EDTA solution was changed daily.
Specimens of a variety of organs were collected and fixed by immersion
for 30 min to serve as positive and negative tissue controls. The decalcified
inner ears and other tissues were dehydrated in a graded series of ethanols
(70% 2hr; 800/0 2 hr; 950/0 2 hr; 1000/0 3 x 1 hr), cleared in Histoclear 3 x 1 hr;
National diagnostics, Manville, NJ), and embedded in Paraplast Plus (2 x 1 hr
at S8e; Curtin Matheson, Marietta, GA). Ears and kidneys from each of the
four treatment groups were embedded side by side (one animal from each
group per block) and thus when sectioned were mounted on the same slide.
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This procedure minimized variability among the immunostaining protocols
and allowed for a direct comparison of staining intensities between control
and treatment groups. Serial sections of the cochleas and kidneys were cut at
4 Ilm thickness and mounted on glass slides. The other organs embedded in
composite tissue blocks were also sectioned at 4 Ilffi thickness

Antibodies to Rat NHE-1
A rabbit polyclonal antiserum raised against a glutathione-S-transferase
(GST) fusion protein encompassing the C-terminal domain of NHE-1 was
kindly provided by Dr. L.L Ng (Leicester Royal Infirmary, Leicester, UK). The
GST /NHE-l construct consisted of amino acids 627 to 820 of the cytoplasmic
domain of rat NHE-1. The generation and characterization of this antiserum
has been described previously (Kelly et al., 1997). The immunoglobulins were
purifed from ~abbit sera by elution from a HiTrap® Protein A column
(Pharmacia, Uppsala, Sweden). The NHE-l antisera is referred to as G116.

Immunhistochemical Staining Procedures
Immunoperoxidase staining was performed as described previously
with a few modifications (Schulte and Adams, 1989). Sections were
rehydrated by passing through Histoclear, 100% ethanol, 95% ethanol, 70%
ethanol and water. Slides were then incubated in 3% hydrogen peroxide in
distilled water to block endogenous peroxidases, rinsed thoroughly in

72

distilled water. The sections were subsequently flooded with a 1% solution of
sodium dodecyl sulfate for 5 min to denature protein and rinsed thoroughly
in 0.1 M phosphate buffered saline (PBS) pH 7.2. The sections were blocked
with 1% nonimmune goat serum (NGS) in PBS for 20 min and incubated at
4°C overnight in the primary antiserum (G116 1:200) diluted in NGS-PBS.
The primary antiserum was preabsorbed with rat liver GST (2 J.1g/ mL) (Sigma,
St. Louis, MO) to block any possible cross reactivity with GST epitopes. After
overnight incubation the sections were rinsed in NGS-PBS, flooded for 30
min with a 1:200 dilution of biotinylated goat anti-rabbit IgG (Vector
Laboratories, Burlingame, CA), rinsed in PBS, and incubated in Vectastain
ABC reagent for 30 min. Sites of bound primary antibody were visualized by
monitoring the development of reaction product in 3,3'-diaminobenzidineH 20 2 (DAB) substrate medium. Slides were dehydrated by passing back
through the graded series of ethanol to Histoclear and coverslipped with
Accu-Mount 60™ (Baxter, Deerfield, IL).
Non-immune rabbit serum was substituted, at the same dilution, for
primary antiserum as a methods control. Sections from composite blocks
containing a variety of tissue from gerbil organs were processed in parallel
with the inner ears as positive and negative tissue staining controls. All
tissue sections underwent identical immunohistochemical staining
procedures. Also, incubation of G116 antisera with the NHE-1/GST fusion
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protein used in its generation resulted in a loss of immunolabeling in inner
ear and all other positive control tissues.

Semiquantative Analysis of Immunostaining Reactions
Measurements of relative staining intensity were made on a Zeiss
Axioplan microscope (Zeiss, Germany) using a 40X plan-neofluor oil
immersion objective (na 1.3). The images were captured by aDage CCD100
monochrome integrating CCD camera (Dage-MTI Indiana, USA) and a
Flashpoint 128 Capture board (Integral Technologies, Indiana, USA) and
processed using Image Pro 3.0 software (Media-Cybernetics, Maryland, USA)
on a Dell Dual Pentium Pro 200 Imaging Workstation (Dell Computers,
Texas, USA). Measurements were made using a raw 8 bit density value and
converted to optical density using the formula: Optical Density (x,y)

=-

log[(Intensity(x,y) - Black)/(Incident - Black)].
INTENSITY (x,y) is the intensity at pixel (x,y),
BLACK is the intensity generated when no light goes through the material,
INCIDENT is the intensity of the incident light.

RESULTS
Ammonium Chloride-Induced Chronic Metabolic Acidosis
Urine pH values were obtained from four normal drinking water
control and four NH4 CI treated gerbils. The urine pH values for the control
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gerbils averaged 8.3+0.2 while NH4 CI treated gerbils averaged 6.6+0.3 (Table 41). These results confirm the successful induction of chronic metabolic
acidosis with this treatment protocol.
NHE-l Immunohistochemistry
The polyclonal antibody Gl16, against NHE-l, bound to expected sites
in positive control tissues as well as to several cell types in the gerbil inner ear
as described previously in chapter 3. Positive control immunostaining was
present in the basolateral membrane of gerbil renal proximal tubule cells
(Horie et al., 1990; Biemesderfer et al., 1992) (Fig. 4-1a). Greatly intensified
immunostaining for NHE-l was observed at the basolateral membrane of
renal proximal tubule cells in both dexamethasone (Fig. 4-1b) and NH4CI (Fig.
4-1c) treated gerbils.
In the control cochlea, Gl16 reacted with strial marginal cells, inner
and outer hair cells and spiral ganglion neurons (Fig. 4-2a). Less intense
staining for NHE-l was present in subpopulations of fibrocytes in the limbus,
inferior spiral ligament, supralimbal and suprastrial regions (Fig. 4-2a).
Higher magnification of the organ of corti revealed diffuse immunostaining
throughout the cytosol of inner and outer hair cells with light and variable
staining of the plasmalemma (Fig. 4-3a). In addition, spiral ganglion neurons
showed a punctate cytosolic staining pattern with weak and variable reactivity
of the neurolemma (Fig. 4-2a): This same staining pattern was observed in
neurons in various regions of the gerbil brain (not shown).
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In the dexamethasone treated gerbil, strial marginal cells, inner and
outer hair cells, spiral ganglion neurons and fibrocytes throughout the
cochlea exhibited greatly enhanced immunostaining (Fig. 4-2b). Higher
magnification of the organ of corti revealed greatly intensified staining in the
inner and outer hair cells (Fig. 4-3b).
Strial marginal cells, outer hair cells and neuronal cells exhibited
greatly intensified staining in NH4 CI treated gerbils (Fig. 4-2c). Interestingly,
fibrocytes throughout the cochlea of acidotic gerbils showed no change in
immunostaining intensity while inner hair cells exhibited greatly reduced
immunoreactivity to Gl16 (Fig. 4-2c). Higher magnification of the organ of
corti revealed intense staining of outer hair cells while inner hair cells were
much less reactive (Fig. 4-3c).
All sections in this study were immunostained in an identical manner
using the same antibody dilutions, incubation and development periods. All
positive NHE-l immunostaining in the inner ear and composite tissue blocks
was greatly attenuated or abolished when Gl16 at a dilution of 1:200 was
preincubated with 1.5 mg of the GST /NHE-l fusion protein (not shown)
against which it was raised.

Optical Density Measurements
Optical density measurements of outer hair cells and strial marginal
cells were made to semiquantitativly compare changes in immunostaining
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intensities between control, CMA and dexamethasone treated gerbils. Optical
density values are listed by cochlear turn for control versus NH4 Cl treated
outer hair cells (Table 4-2) and strial marginal cells (Table 4-3) as well as
control versus dexamethsone treated outer hair cells (Table 4-4) and strial
marginal cells (Table 4-5). These summarized data reveal overall increases of
63+20% and 73+23 9/0 (Table 4-6a) in optical density values for
immunostaining of dexamethsone treated outer hair cells and strial marginal
cells, respectively. CMA gerbils showed an even larger increase in NHE-1
protein expression with 221+84% and 127+58% (Table 4-6b) increases in
immunostaining intensity for outer hair cells and stria I marginal cells,
respectively.

SUMMARY
In the cochlea, CMA resulted in increased expression of NHE-1 protein
in the stria vascularis, outer hair cells and spiral ganglion neurons.
Interestingly, fibrocytes throughout the cochlea showed no detectable change
in NHE-l expression while inner hair cells appeared to respond to CMA by
decreasing their NHE-1 protein levels. Dexamethasone treatment, on the
other hand, led to increased NHE-l protein expression at sites throughout the
cochlea including strial marginal epithelial cells, inner and outer hair cells,
spiral ganglion neurons and subpopulations of fibrocytes in the spiral limbus
and inferior and superior areas of the spiral ligament.

Figure 4-1. Sections of gerbil kidney from the three treatment groups
immunostained with antiserum G116, specific for NHE-1. (a) Renal proximal
tubule cells of control gerbils react with Gl16 at the basolateral membrane
with mild intensity. (b) Dexamethasone treated gerbils stain intensely for
NHE-1 at the basolateral membrane of renal proximal tubule cells_ (c) Strong
staining is present at the basolateral membrane of renal proximal tubule cells
in gerbils with chronic metabolic acidosis. (a) X390, (b) X390, (c) X390.
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Fig. 4-1

Figure 4-2. Sections stained with antibody Gl16, specific for NHE-l, illustrate
immunoreactivity in the cochlea of the three treatment groups. (a) G116
staining of a mid-modiolar turn of a control gerbil cochlea shows
immunoreactivity in the stria vascularis (StV), inner and outer hair cells (OC)
and spiral ganglion neurons (SG). Less intense staining for NHE-l was
present in subpopulations of fibrocytes in the limbus (L), inferior spiral
ligament (ISL), supralimbal (SL) and suprastrial (55) regions. (b) G116 staining
of a mid-modiolar turn of a dexamethasone treated gerbil cochlea shows
robust immunoreactivity in the stria vascularis, inner and outer hair cells
and spiral ganglion neurons. Strong immunostaining is present in
subpopulations of fibrocytes in the limbus, inferior spiral ligament,
supralimbal and suprastrial regions. (c) G116 staining of a mid-modiolar turn
of a NH4CI treated gerbil cochlea shows very intense immunoreactivity in
marginal cells of the stria vascularis, outer hair cells. and spiral ganglion
neurons. Staining in subpopulations of fibrocytes in the limbus, inferior
spiral ligament, supralimbal and suprastrial regions demonstrated no change
while inner hair cell staining was greatly reduced. (a) X135, (b) X135, (c) X135.
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Fig. 4-2

Figure 4-3. Sections stained with antibody Gl16, specific for NHE-l, illustrate
immunoreactivity in the organ of corti of the three treatment groups. (a)
The organ of corti of a control cochlea illustrates staining of the inner
(arrowhead) and outer hair cells (arrows). (b) The organ of corti of a
dexamethasone treated gerbil illustrates intense staining of the inner and
outer hair cells. (c) The organ of corti of a CMA gerbil illustrates intense
staining of outer hair cells and lack of staining in inner hair cells. (a) X600, (b)
X600, (c) X600.
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Table 4-1. Urine pH of four control and
four NH4Cl treated gerbils.

I

Control

NH 4CI Treated

8.5

6.S

8.0

7.0

8.2

6.2

8.5

6.5

x = 8.3+0.2 SD

x = 6.6+0.3 SD
I

I
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Table 4-2a. Mean optical density measurements in OHCs from control ears for
the NH4CI-treatment group. Sample number in parenthesis.
Cochlea

Turn 1

Turn 2

Turn 3

Turn 4

Turn 5

Control 1

0.094 (3)

0.100 (2)

0.086 (3)

0.094 (3)

0.071 (3)

Control 2

-

0.069 (3)

0.049 (3)

-0.066 (2)

0.084 (3)

Control 3

0.121 (3)

0.110 (3)

0.105 (3)

0.105 (3)

0.119 (3)

Table 4-2b. Mean optical density measurements in OHCs from NH4Cl-treated
ears. Sample number in parenthesis.
Cochlea

Turn 1

Turn 2

Turn 3

Turn 4

Turn 5

NH 4 Cll

0.263 (2)

-

0.382 (3)

0.343 (3)

0.329 (2)

NH 4 Cl2

-

-

0.205 (2)

0.291 (3)

0.215 (3)

NH 4 Cl3

0.144 (2)

0.218 (2)

0.255 (3)

0.255 (3)

0.255 (3)

Table 4-2c. Percentage increase in NH4Cl-induced NHE-1 immunostaining
relative to control ears in OHCs.
Cochlea

Turn 1

Turn 2

Turn 3

Turn 4

Turn 5

NH 4Cll

180%

-

344%

2650/0

363%

NH 4C12

-

-

318%

341 %

156%

NH 4Cl3

19%

98%

143%

143%

114%

Mean+SD

100+81 %

98%

268+89%

250+82%

211 +109%
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Table 4-3a. Optical density measurements in stria vascularis from control ears
for the NH4CI-treatment groups.
Cochlea

Turn 1

Turn 2

Turn 3

Turn 4

Turn 5

ContraIl

0.069

0.079

0.074

0.059

0.092

Control 2

0.054

0.071

0.061

0.076

0.084

Control 3

0.059

0.052

0.059

0.061

0.061

Table 4-3b. Optical density measurements in stria vascularis from NH4 CItreated ears.
Cochlea

Turn 1

Turn 2

Turn 3

Turn 4

Turn 5

NH 4Cll

0.084

0.079

0.201

0.188

0.211

NH 4 Cl2

0.074

0.141

0.086

0.147

0.141

NH4Cl3

0.113

0.105

0.198

0.185

0.299

Table 4-3c. Percentage increase in NH4 CI-induced NHE-1 immunostaining
relative to control ears in stria vascularis.
Cochlea

Turn 1

Turn 2

Turn 3

Turn 4

Turn 5

NH 4Cl1

22%

0%

171 %

219%

129%

NH4C12

37%

99%

41 %

93%

68%

NH 4C13

92%

102%

236%

203%

390%

Mean+SD

50+30%

67+47%

149+81 %

172+56%

196+140%

86

Table 4-4a. Mean optical density measurements in OHCs from control ears for
the dexamethasone-treatment group. Sample number in parenthesis.
Cochlea

Turn 1

Turn 2

Turn 3

Turn 4

Turn 5

Control
1&2

0.211 (3)

0.218 (3)

0.208 (4)

0.195 (3)

0.222 (3)

Control 3

0.205 (3)

0.198 (3)

0.240 (3)

0.263 (3)

-

Control 4

0.147 (3)

0.240 (3)

0.215 (3)

0.222 (3)

0.208 (3)

Table 4-4b. Mean optical density measurements in OHCs from
dexamethasone-treated ears. Sample number in parenthesis.
Cochlea

Turn 1

Turn 2

Turn 3

Turn 4

Turn 5

Dexl

0.372 (2)

0.414 (3)

0.387 (3)

0.367 (3)

0.362 (2)

Dex2

0.334 (3)

0.387 (2)

.0312 (3)

0.448 (3)

0.307 (3)

Dex3

0.236 (3)

0.262 (2)

0.329 (3)

0.348 (3)

-

Dex4

0.299 (1)

0.377 (3)

.0334 (3)

0.325 (3)

0.382 (3)

Table 4-4c. Percentage change in dexamethasone-induced NHE-1
immunostaining relative to control ears in OHCs.
Cochlea

Turn 1

Turn 2

Turn 3

Turn 4

Turn 5

Dexamethasone 1

760/0

90%

86%

880/0

63%

Dexamethasone 2

58%

78%

50%

130%

38%

Dexamethasone 3

15%

320/0

37%

32%

-

Dexamethasone 4

103%

57%

550/0

46%

84%

Mean+SD

63+32%

64+22%

57+18%

74+38%

62+19%
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Table 4-5a. Optical density measurements in stria vascularis from control ears
for the dexamethasone-treatment group.
Cochlea

Turn 1

Turn 2

Turn 3

Turn 4

Turn 5

Control
1&2

0.175

0.169

0.141

0.133

0.175

Control 3

0.084

0.092

0.100

0.092

0.139

Control 4

0.139

0.172

0.156

0.229

0.208

Table 4-5b. Optical density measurements in stria vascularis from
dexamethasone-treated ears.
Cochlea

Turn 1

Turn 2

Turn 3

Turn 4

Turn 5

Dex 1

0.205

0.266

0.343

0.299

0.403

Dex2

0.181

0.229

0.299

0.282

0.299

Dex3

0.150

0.139

0.251

0.218

0.255

Dex4

0.163

0.244

0.299

0.295

0.274

Table 4-5c. Percentage increase in dexamethasone-induced NHE-1
immunostaining related to control ears in stria vascularis.
Cochlea

Turn 1

Turn 2

Turn 3

Turn 4

Turn 5

Dexamethasone 1

17%

57%

143%

125%

130%

Dexamethasone 2

3%

36%

112%

112%

71 %

Dexamethasone 3

79%

51 %

151 %

137%

830/0

Dexamethasone 4

17%

42%

92%

29%

32%

Mean+SD

29+29%

47%+8%

125+24%

101+42%

79+35%
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Table 4-6a. Percentage increase in all turns of dexamethsone-induced
cochlear NHE-1 immunostaining as compared to control ear.

I

Cochlea

Outer Hair Cells

Stria Marginal Cells

Dexamethasone 1

81 %

94%

Dexamethasone 2

710/0

670/0

Dexamethasone 3

29%

100%

Dexamethasone 4

69%

42%

Mean+SD

I

63+20%

I

73+23%

I

Table 4-6b. Percentage increase in all turns of NH4CI-induced cochlear
NHE-1 immunostaining as compared to control ear.

I

Cochlea

Outer Hair Cells

Stria Marginal Cells

NH4Cl1

288%

108%

NH 4Cl2

272%

68%

NH4 Cl3

103%

205%

Mean+SD

I

221+84%

I

127+580/0

I

CHAPTERS
DISCUSSION

IDENTIFICATION OF mRNA TRANSCRIPTS FOR NHE ISOFORMS IN THE
INNER EAR
The NHE protein located in the plasma membrane of eukaryotic cells
catalyzes the electroneutral exchange of extracellular Na+ for intracellular H+
with a stoichiometry of one for one (Murer et al., 1976; Seifter and Aronson,
1986; Tse et al., 1993). The NHE family consists of four characterized isoforms
which function to regulate intracellular pH, maintain cell volume and
vectorially transport Na+ across epithelia (for review see Grinstein et al., 1989;
Tse et al., 1993a; Bianchini and Pouyssegur, 1994; Noel and Pouyssegur, 1995).
NHE-1 is considered the housekeeping isoform as it is expressed
ubiquitously by many different cell types (Biemesderfer et al., 1992). NHE-2,
NHE-3 and NHE-4, on the other hand, have specific and unique cell and
tissue distribution patterns and are thought to be involved in more
specialized cellular activities (Tse et al., 1993; Bookstein et al., 1994a; Noel and
Pouyssegur, 1995). Thus, as demonstrated here, the presence of mRNA
transcripts for all four known NHE isoforms most probably reflects their
differential expression among the many highly specialized cell types in the
inner ear. NHE-l, which functions to maintain cell pH and volume (Seifter
and Aronson, 1986; Sardet et al., 1989), possibly is constitutively expressed by
several different inner ear cell types. NHE-4 is sensitive to fluctuations in
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osmolarity and also is likely to play a role in volume regulation in certain
cell types (Bookstein et al., 1994). NHE-2 and NHE-3 have a much more
restricted cell and tissue distribution than NHE-1, and are involved
principally with the vectorial transport of Na+ across epithelia (Biemesderfer
et al., 1993; Tse et al., 1994)

LOCALIZATION OF NHE-1 AND NHE-3 IN THE INNER EAR
Defining the precise cellular distribution of the NHE isoforms in the
normal adult inner ear using immunohistochemistry with isoform-specific
antibodies as is described here in chapter 3 is essential for further
characterizing NHE's role in inner ear ion homeostasis. Knowledge of the
cellular and subcellular distribution of the NHE isoforms 1 and 3, in
particular of their membrane distribution in polarized epithelial cells, has
provided

val~able

information for correlations with known cellular

functions and for designing future experiments to test the physiological
relevance of the different isoforms.
The putative housekeeping isoform, NHE-1, was shown here to be
constitutively expressed in the basolateral plasmalemma of marginal cells in
the stria vascularis and dark and transitional cells in the gerbil's vestibular
system. The localization of NHE-1 at these sites is in good agreement with
current pharmacological and electrophysiological data. Wangemann et al.
(1993, 1996) have provided evidence for the presence of NHE-l in all of these

92
cell types based on pH changes in response to acidification in the presence or
absence of selective NHE activity blockers. Ikeda et al. (1994) also have
suggested the presence of NHE in the lateral wall of the gerbil cochlea based
on the Na+ -dependent and amiloride-sensitive recovery from NH4 CI-induced
acidification in the stria vascularis. The basolateral membrane in all three of
these cell types is rich in Na,K-ATPase and in addition contains abundant
levels of the Na-K-CI cotransporter (Crouch et al., 1997; Mizuta et al., 1997).
The latter transporter almost certainly serves as the major portal for Na+
entry into these epithelial cells which is necessary to drive Na,K-ATPase
activity (Harris et al., 1986). Although NHE-1 could act as a secondary source
of Na+ to drive pump activity it more probably plays a primary role in
regulating intracellular pH in these highly metabolic cells.
NHE-1 also was found in high levels in outer hair cells whereas inner
hair cells stained with less intensity. This result is consistent with the work
of Mroz and Lechene (1993) who have postulated the presence of NHE in
goldfish hair cells based on the fact that the removal of extracellular Na+
induced acidification. Ikeda et al. (1992) also reported the presence of inactive
NHE in steady state guinea-pig outer hair cells. The immunostaining pattern
in hair cells, however, differed markedly from that seen in marginal, dark
and transitional epithelial cells. Reaction product was distributed diffusely in
the cytosol with only weak and variable staining of the hair cells' basolateral
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plasmalemma. This staining pattern allows for entertaining the intriguing
possibility that in hair cells, NHE-1 may be stored in an intracellular pool
possibly associated with vesicles or with the newly discovered cisternal
reticulum membrane system (Spicer et al., In Press). It also prompts
speculation that transport and insertion of NHE-1 into the basolateral
plasmalemma may occur in response to some as yet unidentified signal.
Similar mechanisms are active in gastric parietal cells (Calhoun and
Goldenring, 1997; Peng et al., 1997) and adipocytes (Malide et al., 1997) where
intracellular vesicles containing stored H,K-ATPase or the GLUT4 transporter
are translocated to the plasma membrane in response to binding of gastrin or
insulin, respectively. Moreover, rapid increases in epithelial cell Na+ channel
activity induced by aldosterone result from the translocation of Na+ channels
in intracellular vesicles to the luminal plasmalemma (Johnson, 1997; Smith,
1997). An alternate interpretation is that the intracellular staining seen in
hair cells and in spiral ganglion cells, as mentioned below, represents cross
reactivity of the antibody directed against NHE-l with an unrelated protein
but this seems highly unlikely. Definitive conclusions about the nature of
this cytosolic staining await the results of ultrastructural
immunocytochemical and further physiological studies. In any event, hair
cells express very low levels of Na,K-ATPase and the Na-K-CI cotransporter, if
any, as judged by their failure to react with antibodies against these
transporters. Thus, NHE-l activity in these cells is presumed to be involved
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in pH and volume regulation as was demonstrated by Mroz and Lechene
(1993).
The strong immunostaining seen in gerbil spiral and vestibular ganglia
neurons agrees well with pharmacological studies showing high levels of
NHE-1 in other brain neurons (Alojado et al., 1996; Jakubovicz and Klip, 1989)
and indicates a role for NHE-1 in volume and pH regulation in cochlear and
vestibular neurons. Interestingly, the distribution of reaction products was, as
in hair cells, primarily intracellular arguing again for the possibility of an on
demand mechanism for regulating the translocation of NHE-1 to the
neurolemma.
NHE-l expression in select populations of fibrocytes throughout the
inner ear correlates well with other reports describing its presence in
fibrocytes (McSwine et al., 1994; Siczkowski and Ng, 1995). Again, NHE-1
most likely

pl~ys

a role in the homeostatic maintenance of pH in these

fibrocytes.
In contrast to NHE-1, NHE-3 has been found only in the apical
membrane of certain polarized epithelial cells where it catalyzes the
transepithelial movement of Na+ serosally (Biemesderfer et al., 1993; Tse et
al., 1993c; Bookstein et aL, 1994b; Soleimani et al., 1994; Brant et al., 1995). In
the inner ear, NHE-3 was found to be expressed exclusively at the apical
surface of marginal cells in the stria vascularis. It should be mentioned that
the physiological studies by Wangemann (1996) as well as those of Ikeda et al.
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(1994) reported the lack of an effect of amiloride when applied to the apical
surface of the stria vascularis. These findings must be interpreted with
caution, however, since only NHE isoforms 1 and 2 are inhibitable by
amiloride and the amiloride-insensitive NHE-3 is known to be apically
located in other epithelial cells (Biemesderfer et al., 1993; Bookstein et al.,
1994b). Thus the localization of NHE-3 at the apical surface of strial marginal
cells where it may serve in the resorption of Na+ from endolymph is logical.
Despite the many similarities in ion transport mediators shared by vestibular
dark cells and strial marginal cells (Wangemann et al., 1995a) the lack of
NHE-3 immunoreactivity in vestibular dark cells points to clear difference in
transport mechanisms between these two cell types. The recently reported
lack of inwardly rectifying K+ channels in vestibular dark cells and their
presence in stria I marginal cells (Hibano et al., 1997) also supports differences
in ion transport mechanisms between these two cell types. The known role
of NHE-3 in transepithelial Na+ transport strongly supports this isoforms
involvement in maintaining the low [Na+] in cochlear endolymph. Lack of
expression of NHE-3 in vestibular dark cells also agrees well with the lower
levels of Na+ in cochlear versus vestibular endolymph (Salt and Thalmann,
1988).

REGULATION OF NHE-1 IN THE COCHLEA
Regulation of NHE activity in response to extracellular stimuli is vital
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for the proper maintenance of intracellular pH and Na+ resorption. Kidney
epithelial cells have been shown to modulate their NHE activity in response
to chronic metabolic acidosis (CMA) (Kinsella et aL, 1984; Wu et aL, 1996) and
dexamethason~

treatment (Baum et al., 1993; Bidet et al., 1987; Freiberg e.t al.,

1982; Kinsella et al., 1985). Thus, we investigated changes in gerbil cochlear

NHE-l protein expression during CMA and dexamethasone treatment in
gerbils. Identifying the regulatory mechanisms responsible for the
modification of cochlear NHE-1 expression will be helpful in determining its
physiological role in inner ear ion homeostasis.
Changes in the cellular expression levels of cochlear NHE-1 protein in
response to NH4CI-induced CMA were assessed by semiquantitative
immunohistochemical analysis. The NH4 Cl treatment protocol used in this
study has been used by other laboratories for the induction of CMA (Guern et
aL, 1982; Kinsella et al., 1984; Wu et al., 1996). In addition, this laboratory
measured a urine pH drop from 8.3+0.2 to 6.6+0.3 after NH4Cl treatment
establishing its effectiveness in the induction of CMA. In the cochlea, CMA
resulted in increased protein expression of NHE-1 in the stria vascularis,
outer haiJ cells and spiral ganglion neurons as compared to control ears.
Semiquantitative optical density measurements comparing the staining
intensities of control and CMA ears revealed increased immunostaining in
the stria vascularis and outer hair cells of 127+58% and 221+84%, respectively,
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as compared to controls. These are the most highly metabolically active cells
in the cochlea. Perhaps they are equipped to stimulate NHE-1 protein
expression in response to conditions of high metabolic activity, as simulated
during CMA, in order to maintain the proper intracellular pH.
Interestingly, fibrocytes throughout the cochlea showed no detectable
change in NHE-1 expression levels while inner hair cells appeared to respond
to CMA by decreasing protein expression. This is not a completely unique
finding. Other studies have demonstrated the differential regulation of NHE1 in response to acidosis in epithelial cells and fibrocytes. Horie et al. (1990)
have shown that incubation in acid medium resulted in increased NHE-1
activity in renal proximal tubule cells while fibrocyte NHE-1 activity was
slightly inhibited. Moe et al. (1991) expanded on these findings by
demonstrating increased epithelial NHE-1 activity and mRNA abundance
and decreased fibrocyte NHE-1 activity and rnRNA expression in response to
acid incubation. These studies along with our results suggest the presence of
separate pathways regulating cellular responses to CMA in these different
cochlear cell types. These data indicate a role for NHE-1 in the regulation of
pH in the stria vascularis, outer hair cells and spiral ganglion neurons which
is absent or greatly attenuated in inner hair cells and fibrocytes.
Reports of dexamethasone induced increases in NHE activity and
mRNA levels in kidney epithelial cells (Baum et al., 1993; Bidet et al., 1987;
Freiberg et al., 1982; Kinsella et al., 1985) and the presence of glucocorticoid
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receptors in the ear (Erichsen et al., 1996; ten Cate et al., 1993; Pitovski et al.,
1994; Rarey and Curtis, 1996) led to the hypothesis that administration of
dexamethasone will induce increases in NHE-1 protein expression in the
gerbil cochlea. Therefore, this final set of experiments examined changes in
the cellular expression levels of cochlear NHE-1 protein in response to
dexamethasone treatment as assessed by semiquantitative
immunohistochemical analysis. Our findings clearly showed that
dexamethasone treatment leads to increased NHE-1 expression in all cell
types which normally express the protein including strial marginal epithelial
cells, inner and outer hair cells, spiral ganglion neurons and subpopulations
of fibrocytes in the spiral limbus and inferior and superior areas of the spiral
ligament. Semiquantitative optical density measurements comparing the
staining intensities of control and dexamethasone treated ears revealed
increased imIl).unostaining in the stria vascularis and outer hair cells of
73+23% and 63+20 %, respectively, as compared to control. These results
indicate that dexamethasone induced increases in cochlear NHE-l protein
expression occur through a separated up regulation pathway most probably in
response to activation of the glucocorticoid receptors since all cell types
responding to dexamethasone contain glucocorticoid receptors. This suggests
the possibility that elevated endogenous glucocorticoid hormone levels in
response to stress or other factors may induce up regulation of NHE-l levels
in all cochlear cell types which normally constitutively express the gene.
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The apparently much larger percentage increase in immunostaining
intensity observed between the CMA group relative to its drinking water
control versus the dexamethasone group relative to its saline injection
control is an interesting observation. The cause of this disparity in percentage
increases was due largely to stronger staining intensities in saline injected
control animals as compared to control drinking water animals which show
increases of

119°/~

and 133% in the stria vascularis and outer hair cells,

respectively. This suggests the possibility that the saline injection itself was
s¥fficient to induce higher than basal expression levels of NHE-1 due to a
stress related increase in the production of naturally occurring
glucocorticoids. Such a response could certainly account for the smaller
percent increase between the saline injected control animals when compared
to the dexamethasone injected animals. When the semiquantitative optical
density

meas~rements

comparing the staining intensities between the

drinking water control ears are compared to the dexamethasone treated ears
increases of 280% and 263% were seen in the stria vascularis and outer hair
cells, respectively. Although elevated glucocorticoid production in response
to saline injection seems a likely explanation for these differences the
possibility also exists that the CMA induced stimulation of NHE-1 protein
expression occurs through a more active signalling pathway thus resulting in
higher expression levels as compared to dexamethasone induced expression
levels. Further work will be required to address this important question.
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In conclusion, these data suggest that the regulation of NHE-1 protein
expression in the inner ear is mediated through at least two independent
pathways. CMA induced changes in NHE-1 protein levels occurred in a cell
type-specific manner, most likely as a result of decreased pH levels in
responsive cell types. In contrast, dexamethasone induced upregulation of
NHE-1 was observed in all cochlear cell types known to constitutively express
NHE-1. These results provide new information concerning the systemic
regulation of inner ear ion transport which may be of importance in a variety
of disorders affecting cochlear and vestibular function.

RELEVANCE TO INNER EAR ION HOMEOSTASIS
Improvement of hearing in response to administration of
glucocorticoids has been documented in normal human subjects as well as in
human

subjec~s

suffering from a variety of disorders affecting hearing and

balance. In patients with Addison's disease, which is characterized by adrenal
insufficiency and reduced levels of circulating mineralocorticoids and
glucocorticoids, sensory perception thresholds are returned to normal levels
upon application of glucocorticoids (Joels and de Kloet et aI., 1989). This
suggests that glucocorticoid replacement therapy may be necessary for the
maintenance of basal expression levels of cochlear NHE-1. Some Meniere's
disease patients treated with dexamethasone also experience improved
hearing (Itoh and Sakata, 1991; Shea and Ge, 1996). Hearing losses in patients
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with bacterial meningitis and suspected autoimmune-mediated inner ear
disease often are ameliorated by treatment with glucocorticoids (Schaad et al.,
1995; Welling, 1996). Since the pathological changes occurring in these two
different conditions remain largely unknown it is difficult to speculate by
what rnechanism(s) steroid therapy results in improved hearing in these
patients. However, it is highly probable that the glucocorticoid-induced
upregulation of NHE-1 protein expression in the inner ear is involved in
improving hearing in one or both of these conditions.

FUTURE DIRECTIONS
Measuring the auditory brainstem response in dexamethasone and
CMA treated gerbils would provide valuable information about the
regulatory mechanisms involved in the hearing process. It is now known
that

dexamet~asone

and CMA treated gerbils demonstrate an increase in

cochlear NHE-1 protein expression. Measuring the auditory brainstem
response of these treated animals would reveal any improvement or loss of
hearing. If hearing improve occurred the next experiment would be to
inhibit NHE activity in control, dexamethasone and CMA treated animals to
determine if up regulation of cochlear NHE-1 was responsible for the
improvement in hearing. This information could lead to the development
of clinically relevant treatment protocols.
Another study would involve testing the effect of dexamethasone and
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CMA treatment on the endocochlear potential (EP) of normal gerbils and
gerbils with age related hearing loss. Since a drop in EP is associated with age
related hearing loss perhaps dexamethasone or CMA treatment could induce
a recovery of EP and hearing. NHE blockers could also be used to determine if
NHE activity was involved in these regulatory mechanisms.
Other interesting studies include the examination of protein
expression levels of cochlear Na/K ATPase and Na/K/CI cotransporters in
dexamethasone and CMA treated gerbils. Since these ion transport mediators
are known to play important roles in the generation and maintenance of the
steep ion gradients and EP in the cochlea elucidation of the regulatory
mechanisms involved in controlling their protein expression levels would
provide valuable information.
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